A new method of measuring both the oil and/or water velocities in producing horizontal wells has been developed. This approach uses both water-soluble and oil-soluble chemical markers, each of which is insoluble in the other fluid phase. The markers are injected into the borehole by a logging tool at one location and detected by a pulsed-neutron too\ at a second location. The transit time between injection and detection of the marker gives a measurement of the fluid velocity. Since the markers are soluble in only one phase,
Introduction
As horizontal wells have become more prevalent, the ability to reliably evaluate the production performance of these wells has become increasingly important.
Existing production logging techniques, such as spinners, that have been successfidly used in vertical wells cannot always be applied to horizontal 'wells with full confidence due to the segregated flow in the borehole. For this reason, new techniques must be developed to evaluate oil and water flow rates in horizontal wells.
To determine the flow rates of the oil and water phases in a horizontal well, one must either 1) measure the individual oil and water flow rates directly, or 2) measure the individual oil and water velocities in addition to their holdups. (It should be noted, that for most production logging applications in horizontal wells, measuring only the holdup or only the velocity of the production fluids is usually insufficient to determine the source of production problems.) This paper will address part of the second approach, the measurement of individual oil and water velocities. Once determined, these velocities can be combined with holdup information, obtained from several possible approachesl'2 to obtain oil and water flow rates.
Background
Several currently available technologies make it possible to measure water velocity in horizontal wells. The oldest of these3 uses a radioactive tracer such as Iodine-131 with an 8-day half-life. The iodine is placed in a water-soluble form. This material is injected into the borehole and then measured as it passes a gamma-ray detector. The time between injection and detection enables the calculation of the flow velocity of the water. This method can also be applied with some success to oil velocity measurements by placing the iodine into an oilsoluble form. The limitation of this approach is that the oilsoluble form is usually an emulsion that can exhibit some unique problems due to the nature of emulsions.
With the increased restrictions and risks associated with the use of radioactive tracers in the borehole, it is desirable to have a method of performing these velocity measurements without usin radioactive tracers. This is one of the reasons 5 that the WFL Water Flow Log was developed. This approach relies on the activation of oxygen in the water using a 14-MeV neutron generator and measures the transit time of the activated oxygen in the borehole,4 thus giving a measure of the water velocity. This technique has been successfully applied to flow in the borehole and behind casing or tubing, Unfortunately, this method does not address the oil velocity measurement.
A new approach has been developed that is capable of independently measuring the oil and water velocities in horizontal wells without the use of radioactive tracers. The PVL* Phase Velocity Log uses a chemical marker for its measurement and is therefore a much safer approach to these velocity measurements. As in the radioactive tracer method, the chemical marker is injected into the borehole and then detected as it passes a sensor farther up the borehole (Fig. 1) . The chemical marker can be placed in both oil-and watersoluble forms, neither of which is hazardous to personnel.
Detection of Chemical Marker
The chemical marker chosen for the PVL measurement uses a high neutron cross-section material and is detected by the RST* Reservoir Saturation Tool 5'6'7 using a simple borehole sigma. Gadolinium has been chosen as the high neutron crosssection material since it has a 49,000 barn cross-section (more than 1000 times that of chlorine). This extremely high neutron cross-section makes itpossible to minimize the amount of chemical marker needed for a measurement. The gadolinium is placed in a water-soluble form by dissolving GdCIJ in water. The oil-soluble form of gadolinium has been achieved by the development of a new organometallic compound with low density, low viscosity, and high gadolinium concentration. The low density and low viscosity are important to ensuing that the oil marker disperses quickly in the oil. The detection of the passage of the marker past the RST tool is accomplished by a borehole sigma indicator measurement. This is acquired in the inelastic-capture (IC) mode of RST operation in which the neutron source is pulsed for 20 ps every 100 ps. This measurement does not give a calibrated value of borehole sigma since it is not corrected for background or formation sigma; however, it does give an indication of a change in borehole sigma with optimal signal fnoise. This is all that is required since the PVL measurement is only interested in the time it took the marker to go from the injection point to the detection point; a calibrated measurement of the signal is not required. Figure 2 shows a neutron burst and some raw decay data for this measurement.
The borehole sigma indicator is acquired every 0.2 seconds; therefore, the maximum timing resolution is limited to this value. Because of difision and mixing of the marker with the flowing fluid, the length of time that the tool "sees" the marker can range from about 0.6 s to over 60 s depending on the actual fluid velocity. Figure 3 shows some examples of the chemical marker detection for several fluid velocities obtained from the flow loop located at Schlumberger Cambridge Research in the UK. The figure includes data acquired with 0.2-s sampling superimposed on the same data after being filtered (to be described later). At lower fluid velocities, it takes longer for the chemical marker to pass by the RST tool, thus the signal is present for a longer period of time, resulting in wider detection distributions as seen in the figure. In addition, at lower fluid velocities, the marker has more time to diffuse in the fluid of interest than at higher velocities.
For this reason, at low velocity, the detected signal of the marker will be skewed to later in time. Tks is also evident in Fig. 3 , but is more evident in Fig. 4 where an even lower flow velocity is shown. In fact, for the 12 ft/min measurement shown in the figure, the marker has not completely passed, even after 40s.
Velocity Computation
As shown in Figs. 3 and 4, the passing of the marker in the borehole is evident from the increase in borehole sigma. However, due to the short acquisition time of the data and the resulting statistics, the sigma indicator can be fairly noisy. For this reason, a Gaussian filter is used to reduce the data scatter but still maintain good marker timing information. The width of the filter can be varied with time after injection to account for the effects of velocity and diffusion.
The next step of data analysis is to determine when the marker was detected. This is achieved by looking for the highest value of the filtered borehole sigma indicator in the measurement.
A quality indicator of this detection can be calculated by estimating the width of the detected signal and comparing this with the expected response, If the detected signal is too wide or too narrow, this could indicate some type of anomalous flow behavior (such as backflow) in the borehole.
Having determined the marker detection time, the time-offlight of the marker is calculated i%omthe center of the marker injection. Velocity is then calculated by dividing the injectorto-detector distance by the transit time.
An error estimate of the velocity measurement can be made using the sampling time of the borehole sigma indicator. Since the sampling time is constant, the shorter the time-offlight (the larger the velocity), the larger the percent error on the velocity measurement. Error on the velocity measurement can be reduced by increasing the injector-to-detector spacing.
Flow Loop Results
Laboratory experiments were performed in the flow loop facility to validate the measurement technique,
The initial measurements were performed in single-phase oil and water. Figure 5 shows the results of these measurements for velocities between 10 and 500 fVmin. The line on the curve is a linear fit to all the acquired data. This fit had a linear correlation coefficient of 0.998 indicating an excellent fit. In addition, the slope and intercept of the fit were very close to unity and zero, respectively, indicating negligible bias in the processing algorithm.
2-Phase Brine and Gas Measurements.
Gne of the initial areas of concern for the PVL measurement was the nonstatistical noise of the borehole sigma measurement. This nonstatistical noise is due to dynamic fluctuations in the amount of different fluids (with different sigmas) in the borehole. The concern was that the gadolinium marker might not be able to overcome this noise.
To evaluate this possibility, the PVL tool was run in the flow loop with approximately 80 kppm brine and gas flow. The gas flowed in slugs dynamically causing large fluctuations in the borehole fluid composition. Figure 6 shows data acquired at similar water flow rates with and without air being pushed through the loop. The data in the top of this figure are for brine flow. Noise with a standard deviation of about 0.7 sigma indicator units is present for this measurement. At about 15 seconds, the gadolinium marker is seen to pass by the detector. The data in the bottom of this figure represent gas being pushed through the loop in addition to the water, The noise level increases dramatically for this condition due to the displacement of brine by the gas slugs. However, since this is high-frequency noise and is rather periodic, the passing of the gadolinium marker by the detector is still noticeable. Because of the high frequency of this sigma noise component relative to the gadolinium marker component, it is possible to filter the data so that a good water velocity measurement can be observed. The heavy lines in the figure show the data after applying the Gaussian filter. As is readily apparent in this figure, the water velocity is increased when gas is present to maintain the same water mass flow rate.
2-Phase Oil and Water Measurements,
Single-phase experiments showed that a reliable estimate could be made of the mean velocity of water and oil using a chemical marker. In stratified two-phase flows, uncertainty about the velocity profile within each phase means that the single-phase result cannot be assumed.
To determine the actual fluid velocity, for comparison with the PVL velocity, a holdup reference is required (as flow rate is known accurately from turbine flow meters). For these first oil and water stratified flow tests, a simple method of achieving a fixed and known holdup was adopted.
The experiment was performed with the holdup of water (and oil) at 0.5. This was achieved by setting equal flow rates of both phases and then altering loop deviation until the actual fluid velocities were (approximately)
equal. This was determined by the visual observation of the passage of optical tracers simultaneously injected into the water and the oil as they were carried along the length of the loop. When the equal velocity condition is achieved, the holdup is 0.5. With the loop so adjusted and the oil and water flow rates kept equal, a range of flow velocities can be achieved with holdup of 0.5 as the water and oil rates are increased.
This method is an effective way of performing a quantifiable two-phase test. For this test, the chemical marker was injected only into the water, as each phase had the same velocity.
The results of this experiment are plotted in Fig, 7 . The error bars represent a 0.2-s timing error as in the single-phase results. The estimate of mean velocity from the chemical marker method appears well related to the reference value, with some deviation occurring at the highest velocities due to an increase in the statistical uncertainty caused by the shorter time-of-flight.
Tilting Loop Experiments.
A series of measurements was performed to demonstrate the changes in oil and water velocity as a fimction of well deviation (near horizontal). For these measurements, a fixed value of the water flow rate was chosen at 1500 BWPD. The oil rate was then varied from 750 to 3800 BOPD. The loop was tilted through a number of angles and the PVL velocity was measured in each phase. The angles used were nominally 85, 88, 90 and 92 degrees. Figure  8 presents a series of plots showing the results. Lines have been drawn through the data points to help identi& the trends.
At angles below 90 degrees the flow is upwards. The oil travels faster than the water. At approximately 90 degrees deviation, the oil and water travel at the same speed. Above 90 degrees, downflow is achieved and the water starts to travel faster than the oil. This is clearly seen on the plots except in the case of the highest oil rate (the bottom plot), where the phase velocities never quite cross over.
Field Test Results
Field Example 1, This North Sea horizontal well was completed with a 6 S/8-inch, 66-lb/fi liner that was cemented into place to give good isolation. This well was producing water and one of the objectives of the production logging program was to identi& the source of the water. Figure 9 shows a partial data set from this well. The top graph in the figure shows a comparison of PVL and WFL water velocity measurements. The agreement between the two techniques is excellent for the few depths that were repeated with both measurements.
The next graph down shows the oil velocity measured with the PVL tool, followed by a graph of the water holdup measured by the LIFT* Local Impedance Flowmeter Tool. The LIFT tool measures the water holdup in a wellbore by scanning across the wellbore with aix separate impedance probes which individually measure the local water holdup. In both conventional and horizontal wells, the data tlom these six probes can be processed to give a global water holdup measurement. 1 The bottom graph in the figure shows the oil and water flow rates calculated from the velocities and holdup. These data indicate that most of the water production is from below 850 ft while most of the oil production is from above 450 ft. A fair amount of oil is also being produced from below 550 ft. Because of the completion used in this horizontal well, it is possible to isolate the lower zone of this well using a bridge plug, which the operator plans on doing.
Interpreting this well based only on the velocity data might lead to the erroneous conclusion that there was a large influx of water at 600 ft due to the increased velocity. Basing the interpretation only on the holdup information might lead to similar confusion since several interpretations are possible. However, combining the velocity and holdup data leads to the only reasonable interpretation.
Field Example 2. This well was commissioned in 1993 as the first well in the offshore section of this reservoir (18 p.u. sandstone). The well has been on continuous production since then with interruptions only for workovers. The horizontal section was drilled with an 8.5-inch bit and completed with a 5.5-inch, 17-lb/ft casing and cement. The well inclination across the reservoir section varies from 75 to 88.5 degrees. It penetrates the original OWC, enabling movement of the OWC to be monitored.
The objectives of the production logging program were to I) determine the flowing production profile, 2) determine the source of the water production, and 3) determine any movement of the OWC.
Both velocity and holdup measurements were performed in this well by various techniques. The logging results are shown in Fig. 10 (Note that the uncalibrated LIFT points were due to operational problems, and the over-ranged point was past the maximum LIFT sensitivity). The bottom graph in the figure shows the oil and water flow rates calculated from the velocities and holdup. These data indicate that most of the water production is from below 900 ft, while the oil production is fairly uniform over the interval.
This log shows an example of when the holdup answer in a horizontal well, by itself, does not completely diagnose the production problem and why additional velocity information is usually required for an accurate interpretation.
Looking at only the holdup data from this well, a rather uniformly decreasing water holdup going up the well is observed. This, in itself, does not readily identi~that most of the water production is coming from the lower part of the well.
Summary and Conclusions
A new approach to obtaining oil and water velocities in producing horizontal wells has been developed using a chemical marker in combination with a pulsed-neutron tool. Since chemical markers can be used rather than radioactive tracers, it is believed radioactive tracers are no longer required for these velocity measurements and can be replaced with the inherently safer chemical marker technique. This approach would simplify regulatory concerns, ease procurement of services, and remove radioactive material from the downstream oil and water handling facilities, providing for a more efficient and safer operation.
To prove the viability of the PVL measurement, flow loop tests were carried out in single-and two-phase (oil/water) flow conditions. The two-phase results demonstrated the ability of the measurement to separately measure the oil and water flow velocities in segregated flow.
Field tests have demonstrated the success of the new velocity measurement by means of comparison to another independent velocity measurement, the WFL measurement. The agreement between WFL and PVL data for water velocity determination was excellent and adds credence to the oil velocity measurement for which there is no other acceptable measurement technique (except possibly radioactive tracers).
Finally, the field examples shown reaffirmed the notion that velocity or holdup measurements by themselves will not always give a correct interpretation of production problems; but that holdup and velocity measurements together can. 
